Introduction {#S0001}
============

Silicosis is an occupational disease caused by long-term exposure to large quantity of free silica dust, which is regarded as incurable for the irreversibility of progressing diffuse nodular pulmonary fibrosis, eventually seriously impairs lung function, leading to respiratory failure and even death.[@CIT0001],[@CIT0002] The prevalence and incidence of silicosis have been rising, particularly in developing countries like India and China. At the same time, the silicosis in the emerging industries has gradually appeared in many countries.[@CIT0003],[@CIT0004] Every year, the direct economic losses caused by silicosis in China amount to more than 8 billion yuan (RMB), and the indirect losses are incalculable. In developed countries, silicosis is also a high-profile occupational health problem.[@CIT0005],[@CIT0006] However, the pathogenesis of silicosis is still unclear and none of the current therapies can prevent disease progression effectively or reverse lung fibrosis. There is yet a pressing need to advancing novel and efficient approaches.[@CIT0007],[@CIT0008]

During the past decades, cumulated studies have identified silicosis' numerous important pathogenic mechanisms.[@CIT0009] After silica-induced lung damage, various kinds of cytokines, inflammatory mediators, proteases and reactive oxygen species (ROS) are released by alveolar epithelium and other resident cells.[@CIT0010] These factors can promote inflammatory cells' recruitment, resulting in abnormal proliferation of fibroblasts and collagen deposition in lung tissue. Among them, the transforming growth factor β1 (TGF-β1) plays a central role in fibrogenesis, which is widely convoluted in the development of fibrosis by interrupting the homeostasis microenvironment and promoting cell differentiation, migration, invasion or hyperplasia mainly through the TGF-β1/Smad signaling pathway.[@CIT0011]--[@CIT0013] It has been demonstrated that oxidative stress is a deleterious factor that is related to the profibrogenic activities of TGF-β1. There is a clear connection between TGF-β1 and oxidative stress during fibrogenesis.[@CIT0014] Fibrosis events that are associated with TGF-β1 are consonant with ROS-producing enzymes' induction and/or the ROS-scavenging enzymes' reduction.[@CIT0015],[@CIT0016] In these cases, Nrf2/ARE signaling pathway has been reported to be complicated in the dynamic procedure of fibrosis formation.[@CIT0016]

Natural products play a very important role in research and development of drugs. Nevertheless, their potential mechanisms are not yet clear, which hinders drugs' discovery. Tanshinone IIA  (Tan IIA) is the most important active component of the traditional Chinese herb Salvia miltiorrhiza (Danshen), which possesses superior bio-availability and various pharmacological actions, has been reported to possess anti-inflammatory, antioxidant, and anti-fibrosis properties in various organs.[@CIT0017],[@CIT0018] However, there are few studies available on the efficacy of Tan IIA in silicosis, and the molecular mechanisms by which Tan IIA attenuates silica-induced lung fibrosis remain elusive. In the present study, we used the silicosis rat model to study the therapeutic effect of Tan IIA on silicosis and further explored its mechanism.

Materials and Methods {#S0002}
=====================

Silica-Induced Silicosis Rat Model {#S0002-S2001}
----------------------------------

A total of 48 SD male rats (age, 6--8 weeks; weight, 200 ± 20 g) were obtained from Laboratory Animal Center of Shandong University and fed according to the SPF criterion. All animal experimentations in the present research were followed through in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of Health's National Organizations. Silicosis model was established by tracheal intubation method: the rats were anaesthetized by 2% sodium pentobarbital's intraperitoneal injection (40 mg/kg of body weight, Sigma-Aldrich). Epidural anesthesia catheter with adapter was inserted into the trachea, then 1 mL 50 mg/mL silicon dioxide dust suspension (Sigma-Aldrich, diluted into 50 mg/mL suspension by physiological saline solution, content of free silica ≥ 99%, \<5µm particles ≥ 99%, 8000 U/mL penicillin was added before use) and 0.25 mL air were perfused into the trachea. After that, the rat was rotated immediately to distribute the injection evenly in the lungs. The animal use protocol has been examined and approved by the Scientific Research Ethics Committee of the Second Hospital of Shandong University (Permit Number: 20140195).

Animal Grouping and Tan IIA Treatment {#S0002-S2002}
-------------------------------------

After a week of adjustable feeding, the rats were divided into four groups at random (n=12 per group): i) Control group; ii) Silicosis group; iii) Tan IIA group; iv) Silicosis +Tan IIA group. Two days after modeling, the rats of Tan IIA group and Silicosis +Tan IIA group were given intraperitoneal administration 25 mg/kg body weight of Tan IIA daily (Sigma-Aldrich) for 40 days, while the rats of control group and silicosis group were intraperitoneally injected with equal aseptic saline. Six weeks post-modeling, the rats in four groups were anesthetized with 10% chloral hydrate (3.0 mL/kg) by intraperitoneal injection, then the lungs were lavaged three times with 1.5mL saline, and the bronchoalveolar lavage fluid (BALF) was collected for analysis. Subsequently, rats were executed with 10% chloral hydrate (5.0 mL/kg) anesthesia and their lungs were taken for further experiments.

BALF Analysis {#S0002-S2003}
-------------

The BALF samples were first centrifuged at 4 °C (150 × g, 10mins), then the supernatant was collected and stored at −80°C, and cell particles were suspended in 1 mL PBS. The total number of cells in BALF was counted by hemocytometer. The remaining cells were centrifuged onto the slides. The number of neutrophils, macrophages and lymphocytes were counted by Wright-Giemsa staining.

Measurement of TNF-α, IL-1β and IL-6 {#S0002-S2004}
------------------------------------

TNF-α ELISA Kit (WLE05, Wanleibio), IL-6 ELISA Kit (WLE04, Wanleibio) and IL-1β ELISA Kit (WLE03, Wanleibio) were used to determine the levels of TNF-α, IL-6 and IL-1β in rat lung tissue of the four groups following instructions of the manufacturer. The optical density at 450 nm was measured with a microplate reader (ELX800; Biotek, Inc., USA), then the concentrations of TNF-α, IL-6 and IL-1β were calculated according to the standard curves.

Lung Histological Analyses {#S0002-S2005}
--------------------------

The rat lungs were immobilized in 4% paraformaldehyde solution for 48 hrs, imbedded in paraffin and cut into 5 μm dense sections. Fixed sections were stained with hematoxylin and eosin (H&E) with 1% hematoxylin for 6 mins and ponceau acid fuchsin staining solution for 1 min; as for Masson staining, the sections were stained with 1% hematoxylin for 6 mins and ponceau acid fuchsin staining solution for 1 min. An optical microscope (Olympus D72, Japan) was used to examine the slides (100× magnification).

Immunohistochemical Analyses {#S0002-S2006}
----------------------------

The paraffin-embedded slices were dewaxed and heated in citrate buffer to repair the antigen. The endogenous peroxidase was then inactivated by 0.3% hydrogen peroxide. After that the sections were blocked in goat serum (SL038, Solarbio) for 10 mins, followed by incubation with anti-collagen I rabbit polyclonal antibody (1:100; Affinity Bioscience Technology, Ltd.; cat. no. AF7001), anti-α-SMA mouse monoclonal antibody (1:100; Wanlei Biological Technology, Ltd.; cat. no. WL02510), or anti-Fibronectin 1 rabbit polyclonal antibody (1:100; Wanlei Biological Technology, Ltd.; cat. no. WL00712a) at 4°C overnights. The next day, the sections were washed with PBS for three times, and then incubated with goat anti-rabbit or mouse secondary antibodies conjugated with horseradish peroxidase (HRP) (1:500; ThermoFisher, USA; cat. no. \#31460 and \#31430) for 30 mins at 37°C, followed by incubation with HRP-Streptavidin at 37°C for 20 mins and washed with PBS for three times. Positive staining was revealed by DAB color reagent (DA1010, Solarbio) according to the manufacturer's instructions. Nuclei were restained with hematoxylin. Then, light microscopy (DP73; Olympus Corporation, Tokyo, Japan) was used to analyze the sections (×200 magnification). The integrated optical density (IOD) of collagen I, fibronectin and α-SMA was measured using Image-Pro Plus 4.5 (Media Cybernetics, Inc., USA), and the mean density was calculated by IOD/area.

Western Blot Analysis {#S0002-S2007}
---------------------

Lung tissues' total proteins were extracted applying Whole Protein Extraction kit (WLA019, Wanlei Biological Technology, Ltd.). Nuclear and cytoplasmic protein were extracted using Nuclear and Cytoplasmic Protein Extraction kit (P0028, Beyotime Biotechnology). Protein concentration was calculated applying the BCA Protein assay kit (P0012S, Beyotime Biotechnology) and samples containing equal amount of protein (40 μg) were divided using 10 or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), then electro-transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, USA). After blocking with 5% non-fat milk made with Tris-buffered saline (containing 0.1% Tween 20), the membranes were incubated with the following specific primary antibodies at 4°C overnight: rabbit anti-TGF-β1 (1:1000, abcam; cat. no. ab-92486), rabbit anti-Smad3 (1:1000, abcam; cat. no. ab-40854), rabbit anti-p-Smad3 (S208) (1:1000, abcam; cat. no. ab138659), rabbit anti-Smad2/3 (1:200; Boster Biological Technology; cat. no. BA1395), rabbit anti-p-Smad2 (S465+S467)/p-Smad3 (S423+S425) (1:500; Wanlei Biological Technology, Ltd; cat. no. WL02305), rabbit anti-Smad7 (1:1000, abcam; cat. no. ab-216428), rabbit anti-NOX-4 (1:200; Boster Biological Technology; cat. no. BM4135), mouse anti-Nrf2 (1:400, Santa Cruz; cat. no. sc-81342), mouse anti Keap-1 (1:200; Santa Cruz; cat. no. sc-514914), mouse anti HO-1 (1:200; Santa Cruz; cat. no. sc-136960), mouse anti NQO-1 (1:200; Santa Cruz, Inc.; cat. no. sc-32793), rabbit β-actin (1:500; Wanlei Biological Technology, Ltd; cat. no. WL01372). Afterwards, the membranes were incubated with HRP-conjugated goat anti-rabbit (1:5000; cat. no. ZB-2305) or goat anti-mouse (1:5000; cat. no. ZB-2301) secondary antibodies (ZSGB-BIO, Beijing, China) at 37°C for 1 hr. The specific bands were displayed applying immobilon western chemiluminescent HRP substrate (WBKLS0100, Millipore, USA) according to the manufacturer's protocol and analyzed by Quantity One software (version 4.6.6; Bio-Rad, USA). The relative protein levels were quantified through the comparison to the internal control β-actin or Histone H3.

Measurement of Reactive Oxygen Species (ROS), Malondialdehyde (MDA), Superoxide Dismutase (SOD) and Glutathione Peroxidase (GSH-Px) {#S0002-S2008}
-----------------------------------------------------------------------------------------------------------------------------------

Lung tissues of each group were accurately weighed and add precooled normal saline according to the ratio of weight (g): volume (mL) = 1:9. Following centrifugation at 2500 rpm at 4°C for 10 mins, the supernatant was gathered, so as to determine the content of ROS, MDA, and the activities of SOD and GSH-Px. All measurements were performed using commercial kits: Reactive oxygen species assay kit (WLA070), Malondialdehyde assay kit (WLA048), Total Superoxide Dismutase assay kit (WLA110), and Glutathione Peroxidase assay kit (WLA107), obtained from Wanlei Biological Technology, Ltd. (Shenyang, China) according to the instructions of the manufacturer.

Quantitative Real-Time Polymerase Chain Reaction Assay {#S0002-S2009}
------------------------------------------------------

Total RNA of lung tissues from each group was extracted using TRIzol reagent (Invitrogen, USA) according to the protocols of the manufacturer. 1 μg RNA was reverse-transcribed applying a PrimeScript RT reagent Kit (TaKaRa, Japan) in a thermal cycler PCR system (Bio-Rad, USA). The gene-specific primers for mice TGF-β1, Smad2, Smad3, Smad7, collagen I, fibronectin, α-SMA, NOX4, Nrf2, Keap1, HO-1, NQO1 and β-actin are listed in [Table 1](#T0001){ref-type="table"}. Gene expression was determined through ExicyclerTM 96 real-time system (Bioneer, Korean) with SYBR Premix ExTaqII (TaKaRa, Japan). After enzyme activation at 94°C for 5 mins, the amplification protocol is composed of denaturation for 10 s at 94°C, annealing for 20s at 60°C and extension for 30 s at 72°C for 40 cycles, and a last extension at 72°C for 6 mins. Data were assembled and dealt using SDS 2.4 software (Applied Biosystems, USA) and provided as threshold cycle (Ct) values. All values were normalized to the transcription of the endogenous β-actin and we calculated the average fold changes of the expression of each target gene by the 2-ΔΔCT method.Table 1The Primer Sequences Amplified Used for RT-PCRPrimersSequencesPrimer LengthTmProduct LengthTGF-β1 FAACAATTCCTGGCGTTACCT2056.5123TGF-β1 RGCCCTGTATTCCGTCTCCTT2058.3Smad2 FTTTGCCGAGTGCCTAAGTGA2059.3110Smad2 RAGGTTACAGCCTGGTGGGAT2058.3Smad3 FAGGGCTTTGAGGCTGTCTACC2160.1134Smad3 RCCCATTCAGGTGTAGCTCGAT2159.2Smad7 FACTGGTGCGTGGTGGCATACT2162.6175Smad7 RCCGATCTTGCTCCTCACTTTCTG2363collagen I FTCCTGCCGATGTCGCTATCC2063.1218collagen I RTCGTGCAGCCATCCACAAGC2065fibronectin FTCGCTTTGACTTCACCACCA2059.6145fibronectin RTGAGACCCAGGAGACCACG1958.4α-SMA FGGGCATCCACGAAACCACCT2064.1216α-SMA RGAGCCGCCGATCCAGACAGA2065.5NOX4 FCCTCAGTCAAACAGATGGGATA2256.8174NOX4 RGTCTTGGAAATAGAACTGGGTC2255Nrf2 FTCTGACTCCGGCATTTCACT2057.8171Nrf2 RTGTTGGCTGTGCTTTAGGTC2056.1Keap1 FATGAGTGGCGGATGATTACA2055.9161Keap1 RGGCTACGAAAGTCCAGGTC1954.3HO-1 FCTGGAATGGAAGGAGATGCC2059.2132HO-1 RTCAGAACAGCCGCCTCTACCG2165NQO1 FCATCATTTGGGCAAGTCC1853.6197NQO1 RACAGCCGTGGCAGAACTA1854.2β-actin FGGAGATTACTGCCCTGGCTCCTAGC2560.1155β-actin RGGCCGGACTCATCGTACTCCTGCTT2562

Statistical Analysis {#S0002-S2010}
--------------------

Unless otherwise specified, all experiments were repeated independently for at least three times. The data are expressed as mean ±SD. Differences between the groups were compared by One-way ANOVA and Newman--Keuls post hoc test applying SPSS version 19.0 software (SPSS Inc., USA). P\<0.05 was considered to be a significant statistical difference.

Results {#S0003}
=======

Tan IIA Suppresses Silica-Induced Lung Inflammation {#S0003-S2001}
---------------------------------------------------

To look into Tan IIA's anti-inflammatory effects on silicosis, rats were exposed with silica dust through tracheal intubation, and the BALF was collected for counting inflammatory cells ([Figure 1A](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}). As in comparison with the control group, the number of total cells, neutrophils, macrophages and lymphocytes increased significantly in the silicosis group (P\<0.05), while these were markedly reduced by Tan IIA treatment (P\<0.05). The levels of Inflammatory factors TNF-α, IL-6, IL-1β levels in the lung tissues were also determined using ELISA kit. As shown in [Figure 2](#F0002){ref-type="fig"}, the elevated levels of TNF-α, IL-6 and IL-1β in the silicosis group' lung tissues were markedly reduced following Tan IIA treatment (P\<0.05). These results distinctly suggest that Tan IIA may suppress silica-induced lung inflammation effectively.Figure 1Effects of tanshinone IIA on inflammatory cell recruitment in bronchoalveolar lavage fluid (BALF) of silicosis rats. (**A**) Total cell counts in BALF. (**B**) Number of neutrophils in BALF. (**C**) Number of macrophages in BALF. (**D**) Number of lymphocytes in BALF. Data are presented as the mean ± standard deviation of at least three repeat experiments, n=6. \*\*\*P\<0.001 vs the control group; ^\#\#\#^P\<0.001 vs the silicosis group.Figure 2Effects of tanshinone IIA on inflammatory factors in lung tissues of silicosis rats，determined using ELISA kit. (**A**) TNF-α level in lung tissue. (**B**) IL-6 level in lung tissue. (**C**) IL-1β level in lung tissue. Data are presented as the mean ± standard deviation of at least three repeat experiments, n=6. \*\*\*P\<0.001 vs the control group; ^\#\#\#^P\<0.001 vs the silicosis group.

Tan IIA Attenuates Silica-Induced Lung Fibrosis {#S0003-S2002}
-----------------------------------------------

To ascertain Tan IIA's impacts on silica-induced lung fibrosis, lung histological analyses and immunohistochemical analyses of fibrosis markers were conducted. Histopathological examination showed that in the silicosis group, silica-injured lungs lost normal alveolar structure, alveolar wall became thicker, accompanied by a large number of inflammatory cells infiltration, and formed characteristic silicosis nodules around the bronchial tree and vascular bed, showing diffuse pulmonary fibrosis. However, these destructive effects of SiO~2~ were alleviated in the silicosis + Tan IIA group compared with the silicosis group. The rats in the control group and Tan IIA group showed no histological changes ([Figure 3A](#F0003){ref-type="fig"}). Consonant with H&E staining results, Masson's staining suggested that silica-induced collagen deposition in the lungs of silicosis rat was decreased by Tan IIA treatment markedly ([Figure 3B](#F0003){ref-type="fig"}). In immunohistochemical analyses, the expression of collagen I, fibronectin and α-SMA was observed, as demonstrated in [Figure 4A](#F0004){ref-type="fig"}, silica exposure led to a marked rise in expression of collagen I, fibronectin and α-SMA, which were reduced by Tan IIA treatment (P\<0.05). Using RT-PCR, the above result was further confirmed ([Figure 4B](#F0004){ref-type="fig"}). Collectively, these data indicate that Tan IIA attenuates silica-induced lung fibrosis.Figure 3Tanshinone IIA attenuates silica-induced pulmonary fibrosis. Animals and treatments are as described under Materials and Methods. (**A**) Representative H&E staining of sections of lung tissues (magnification, 100×). (**B**) Representative Masson staining of lung tissues (magnification, 100×). Scale bar=100 μm.Figure 4Effects of tanshinone IIA on collagen I, fibronectin and α-SMA expression in lung tissues of silicosis rats. (**A**) Representative collagen I, fibronectin and α-SMA expression determined by immunohistochemistry (magnification, 200×); the average IOD was calculated as total IOD value/total area in similar size lung area from each group. (**B**) RT- PCR of collagen I, fibronectin and α-SMA mRNA expression of lung tissues in four groups. Data are presented as the mean ± standard deviation of at least three repeat experiments, \*\*P\<0.01, \*\*\*P\<0.01 vs the control group; ^\#\#^P\<0.01, ^\#\#\#^P\<0.001 vs the silicosis group. Scale bar=50 μm.

Tan IIA Suppresses Silica-Induced Activation of the TGF-β1/Smad Pathway {#S0003-S2003}
-----------------------------------------------------------------------

Former researches have indicated that TGF-β1 is a key regulator in respiratory diseases,[@CIT0019],[@CIT0020] and TGF-β1/Smad signaling is a major pathway of fibrogenesis which is activated in fibrotic diseases.[@CIT0021],[@CIT0022] Thus, the activities of TGF-β1 and its downstream signaling pathway, Smad2, Smad3 and Smad7 were determined by RT-PCR and Western blot analyses, so as to determine whether TGF-β1/Smad pathway suppression is convoluted in the protective effects of Tan IIA on silica-induced pulmonary fibrosis. Silica exposure led to a marked rise in the mRNA and protein expression levels of TGF-β1 in lung tissues, as shown in [Figure 5](#F0005a){ref-type="fig"}; however, they were markedly restored by Tan IIA treatment. Moreover, the levels of p-Smad3 and p-Smad2/3 in the silicosis rat lungs were significantly upregulated and were further inhibited by Tan IIA treatment. No significant change was observed in the mRNA and protein expression level of Smad2 and Smad3 in lung tissues. Besides, the mRNA and protein levels of Smad7, which is a negative regulatory factor of TGF-β1/Smad pathway, were markedly downregulated by silica exposure and were further upregulated by Tan IIA treatment ([Figure 5A](#F0005a){ref-type="fig"}--[C](#F0005b){ref-type="fig"}). Overall, it can be seen from these data that the TGF-β1/Smad pathway inhibition is connected with Tan IIA's protection effect on silica-induced pulmonary fibrosis. Figure 5Continued. Figure 5Tanshinone IIA suppresses silica-induced activation of the TGF-β1/Smad pathway. (**A**) Relative mRNA expression of TGF-β1, Smad2, Smad3 and Smad7 in lung tissues determined by RT-PCR analyses. (**B**) Representative protein expression of TGF-β1, p-Smad2/3, Smad2/3, P-Smad3 and Smad3 in lung tissues, determined by Western blotting. (**C**) Relative protein levels of TGF-β1, p-Smad2/3, Smad2/3, P-Smad3 and Smad3 in lung tissues. Data are presented as the mean ± standard deviation of three repeat experiments, n=6. \*\*\*P\<0.001 vs the control group; ^\#^P\<0.05, ^\#\#\#^P\<0.001 vs the silicosis group.

Tan IIA Inhibits Silica-Induced Oxidative Stress via Inhibition of NOX4 and Activation of the Nrf2/ARE Signaling Pathway {#S0003-S2004}
------------------------------------------------------------------------------------------------------------------------

To assess Tan IIA's effects on oxidative stress induced by silica-exposure, the ROS, MDA content, and SOD, GSH-Px activities in the lung tissues of four groups were determined by commercial kits. The ROS and MDA content were markedly raised in the silicosis group (P\<0.05), which were accompanied by a significant reduction in SOD and GSH-Px activities (P\<0.05), as shown in [Figure 6A](#F0006){ref-type="fig"}--[D](#F0006){ref-type="fig"}. These effects, however, were significantly attenuated by Tan IIA treatment.Figure 6Effects of Tanshinone IIA on silica-induced oxidative stress. (**A**) Reactive oxygen species (ROS) content; (**B**) malondialdehyde (MDA) content; (**C**) superoxide dismutase (SOD) activity and (**D**) glutathione peroxidase (GSH-Px). Activity in the lung tissues. Data are presented as the mean ± standard deviation of three repeat experiments, n=6, \*\*\*P\<0.001 vs the control group; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001 vs silicosis group.

Since oxidative stress and TGFβ1-mediated pro-fibrosis signal are the principal factors that promote fibrosis.[@CIT0015],[@CIT0016] TGF-β1 advances ROS formation mainly via induction of ROS-producing enzyme NOX4 expression[@CIT0023] and Nrf2 is a key defense factor against oxidative stress and a regulator of TGF-β1 signal transduction.[@CIT0024] Former researches also indicate that Tan IIA is able to activate Nrf2 signaling and enhance the expression of Nrf2 downstream protein.[@CIT0018],[@CIT0025] Thus, to determine whether it is connected with Tan IIA's protective effects on silica-induced oxidative impairment to the lungs, the expression of NOX4 and activity of Nrf2/ARE signaling pathway, including Nrf2 and its inhibitor Keap-1, its downstream proteins HO-1, NQO-1 were examined by RT-PCR and Western blot. The results indicated that ([Figure 7A](#F0007a){ref-type="fig"}--[C](#F0007b){ref-type="fig"}), in comparison with control group, the mRNA and protein levels of NOX4 were considerably raised in the silicosis group (P\<0.05), while they were restored by Tan IIA treatment (P\<0.05). The mRNA of Nrf2 and its downstream proteins HO-1 and NQO-1 were significantly increased in the silicosis group (P\<0.05), and were further upregulated following Tan IIA treatment (P\<0.05). ([Figure 7A](#F0007a){ref-type="fig"}). Because Nrf2 nuclear translocation is a necessary step for Nrf2 activation, nuclear Nrf2 accumulation and cytoplasmic Nrf2 expression were assessed. As shown in [Figure 7B](#F0007a){ref-type="fig"} and [C](#F0007b){ref-type="fig"}, nuclear Nrf2 expression was upregulated whereas cytoplasmic Nrf2 was decreased in the silicosis group (P\<0.05), which were further enhanced by Tan IIA treatment (P\<0.05). In accordance with Nrf2, the protein expression levels of its downstream proteins HO-1 and NQO-1 were also significantly upregulated in lung tissues from the silicosis group (P\<0.05), which were also further enhanced by Tan IIA treatment (P\<0.05) ([Figure 7B](#F0007a){ref-type="fig"} and [C](#F0007b){ref-type="fig"}). And contrary to Nrf2, the mRNA and protein expression of its inhibitor Keap-1 was downregulated in the silicosis group (P\<0.05), and this effect was further strengthened by Tan IIA treatment (P\<0.05) ([Figure 7A](#F0007a){ref-type="fig"}--[C](#F0007b){ref-type="fig"}). These data suggest that Tan IIA safeguards lungs from silica-induced oxidative stress damage, at least partly via NOX4 inhibition and Nrf2/ARE signaling pathway activation. Figure 7Continued. Figure 7Effects of Tanshinone IIA on NOX4 and Nrf2/ARE signaling axis in lung tissues of silicosis rats. (**A**) Relative mRNA expression of NOX4, Nrf2, Keap-1, HO-1 and NQO-1 in lung tissues determined by RT-PCR analyses. (**B**) Representative bands of NOX4, Nrf2 in the cytoplasm and nucleus, Keap-1, HO-1 and NQO-1 as examined by western blotting; (**C**) Relative protein levels of NOX4, Nrf2, Keap-1, HO-1 and NQO-1 in lung tissues. Data are presented as the mean ± standard deviarion of three repeat experiments, n=6. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001vs. the control group; \#P\<0.05, \#\#P\<0.01, \#\#\#P\<0.001 vs. the silicosis group.

Discussion {#S0004}
==========

Silicosis is a common occupational lung disease that is caused by inhalation of large amounts of crystalline silica dust. It is characterized by the formation of a large number of inflammatory and scar-forming nodular fibrosis in the lungs. Despite the work of many previous studies, the treatment of silicosis is still a worldwide problem. At present, there is no effective non-drug or drug treatment to reverse or slowdown the progress of silicosis. Therefore, the treatment of silica-induced lung damage and fibrosis continues to be a region of pressing medical study need. In recent years, Chinese medicine has shown great potential in the treatment of silicosis, a lot of natural plant extractions have come out to be promising ways for plenty of inflammatory and fibrosis disorders' therapeutic treatment.

As the most important active component of the traditional Chinese herb Salvia miltiorrhiza (Danshen), Tanshinone IIA (Tan IIA) has been proved to have anti-inflammatory, anti-inflammatory, antioxidant, and anti-fibrosis effects in various diseases.[@CIT0017],[@CIT0018],[@CIT0025] However, there are few studies available on the efficacy of Tan IIA in silicosis, and the exact mechanisms remain largely undefinable. In the present research, a silicosis rat model was induced through silica particles' intratracheal administration. The results demonstrated that Tan IIA effectively suppressed lung inflammation and fibrosis in silicosis rats. In addition, the overexpression of collagen I, fibronectin and α-SMA levels in silicosis rat were reversed by Tan IIA treatment. Mechanism Research found that Tan IIA treatment suppressed silica-induced TGF-β1/Smad pathway's activation. Moreover, Tan IIA restrained oxidative stress in silicosis rats' lungs, alongside decreased NOX4 expression and increased Nrf2/ARE pathway's activation. In general, these results indicated that Tan IIA may keep lung damage from silica exposure via the suppression of TGF-β1/Smad signaling, inhibition of NOX4 and activation of the Nrf2/ARE pathway. Tan IIA may be thus considered as an effective method to control silicosis.

Previous studies have confirmed that silicosis is a complex chronic inflammatory process involving a variety of cells (alveolar macrophages, alveolar epithelial cells, fibroblasts, lymphocytes, etc.), cytokines and a variety of mediators. The present study demonstrates that in silicosis rats, the lungs lost normal alveolar structure, formed characteristic silicosis nodules and showed diffuse pulmonary fibrosis, accompanied by an accumulation of large number of inflammatory cells in BALF, as well as significantly upregulation of pro-inflammatory factors, including TNF-α, IL-6 and IL-1β in lung tissues. However, Tan IIA effectively alleviated silica-induced destruction of lung structure, collagen accumulation and inflammatory responses. Pulmonary fibrosis can be assessed by determining the collagen I, fibronectin and α-SMA levels in lung tissue. Our study detected a marked increase in collagen I, fibronectin and α-SMA mRNA expression and protein deposition in silica-exposure rats; these effects, however, were all reduced by Tan IIA treatment significantly, which indicate that Tan IIA possesses significantly protective effects on silica-induced lung damage and pulmonary fibrosis in rats.

TGF-β1 is a powerful key fibrogenic cytokine. Many studies have confirmed that TGF-β1 plays an important regulatory role in cell proliferation,[@CIT0011] differentiation,[@CIT0012] migration,[@CIT0013] immune regulation,[@CIT0027] and extracellular matrix (ECM) transformation[@CIT0028] in fibrotic diseases, and participates in tissue repair and fibrosis. The role of TGF-β1 in promoting fibrosis is mainly mediated by phosphorylating its downstream Smad proteins.[@CIT0011],[@CIT0014] TGF-β1/Smad signaling is identified as the main pathway of pulmonary fibrosis. The binding of TGF-β1 with its receptor II (TβRII) activates TGF-β1 receptor I (TβRI)'s kinase I. TβRI was phosphorylated and then phosphorylate Smad2 and Smad3, phosphorylated Smad2 and Smad3 afterwards bind to Smad 4 to constitute a Smad complex. The complex is then transferred to the nucleus to regulate target genes' transcription, including collagen I, fibronectin, α-SMA, etc. Smad7 is considered to be an inhibitory Smad, which regulates the activation and function of Smad2, Smad3 negatively. And as a critical factor that was responsible for fibrosis, Smad3 is proved to play a more important role in the information transmission of TGF-β1 than Smad2.[@CIT0026],[@CIT0027] The present study revealed that the expression of TGF-β1, p-Smad2/3 and p-Smad3 was significantly upregulated in the rat model of silica-induced pulmonary fibrosis, while the Smad7 was downregulated, confirming that TGF-β1/Smad signaling pathway was activated after silica exposure. However, these effects were inhibited by Tan IIA treatment, indicating that Tan IIA can protect silica-induced pulmonary fibrosis via blocking TGF-β1/Smad signaling pathway.

Lung injury leads to the elevation of both TGF-β1 and oxidative stress levels. Growing evidence suggests that oxidative stress and ROS production are associated with activation and production of a lot of cytokines and pro-fibrotic growth factors.[@CIT0028] Although the TGF-β1/Smad signaling is fibrogenesis' principal driving force, there are some pro- and anti-fibrogenic factors appear to interact directly with it.[@CIT0029] Previous studies have demonstrated that oxidative stress is a deleterious factor that is related to the profibrogenic activities of TGF-β1. There is a clear relationship between TGF-β1 and oxidative stress signaling during the whole fibrosis process.[@CIT0014] TGF-β1 raises ROS levels in lung, while ROS that is generated in turn excites myofibroblast differentiation and TGF-β1-associated fibroblast activation. Fibrosis events that are associated with TGF-β1 are consonant with ROS-producing enzymes' induction and/or the ROS-scavenging enzymes' reduction.[@CIT0015],[@CIT0016] In the present study, silica-exposure promotes the production of ROS, and raised the level of MDA significantly, which is the end product of lipid peroxidation, as well as reduced the antioxidant enzymes' activities, including SOD and GSH-Px. These alterations, however, were significantly attenuated by Tan IIA treatment. These results indicated that Tan IIA may restrain silica-induced lung injury by lessening oxidative stress, which were in accordance with those of preceding researches, indicating that Tan IIA has antioxidant effect.[@CIT0017],[@CIT0018],[@CIT0025]

Over the inflammatory reaction, oxidative stress that is characterized by a rise in ROS activates an effective antioxidant system, which determines the redox balance. As extracellular ROS production's main enzymatic source, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 4 (NOX4) elicits ROS output and potentiates myoﬁbroblast activation in reply to TGF-β1.[@CIT0030] TGF-β1 promotes ROS formation principally via induction of NOX4 expression and activity in lots of cell types.[@CIT0015] The increase of NOX4 is in balance with the rise of antioxidant redox-sensitive protein E2-related factor 2 (Nrf2)/antioxidant response element (ARE) signaling, promoting inflammatory process' decomposition and local tissue repair.[@CIT0031]

Nuclear factor erythroid 2-like 2 (Nrf2) is a cellular sensor for oxidation reaction, and as the central regulator of antioxidant and detoxifying systems, it protects cells and tissues against oxidative stress through regulation of antioxidant response element (ARE)-mediated induction of antioxidant enzymes and diverse phase II detoxification.[@CIT0032],[@CIT0033] Nrf2 is principally controlled by the binding of cytosolic protein Kelch-like ECH-associated protein 1 (Keap1) in the cytoplasm and subsequent proteasome degradation. In the presence of ROS, Nrf2 was separated from its bound with keap1, transferred to the nucleus and bounds to ARE, a small Maf protein, inducing the expression of a series of antioxidant genes, including heme oxygenase-1 (HO-1) and NADPH quinone oxidoreductase 1 (NQO1).[@CIT0015],[@CIT0016],[@CIT0030] It was proved that activation of the Nrf2 signaling relieved the lung impairment and suspended lung fibrosis' progression.[@CIT0034]--[@CIT0036] Antioxidants' supplementation appears to be capable to modulate the plasticity's degree and severity of fibrosis.[@CIT0016],[@CIT0017],[@CIT0030]

In this research, we demonstrated that Tan IIA activated Nrf2/ARE signaling, which was implied by raised levels of Nrf2 and its downstream antioxidant enzymes HO-1 and NQO1, and reduced level of keap-1 in Tan IIA-treated silicosis rats, which suggested that Tan IIA's antioxidative effect may contribute to its antifibrotic activity.

Among the enzymes that produce ROS, NOX seems to be a key factor in promoting fibrosis.[@CIT0028],[@CIT0037] ROS derived from NOX is associated with fibrosis of multiple organs, including the lung. Of the NOX enzymes, the characteristic of NOX4 is that its activity is mainly regulated by its expression level. In addition to its dimerization partner p22phox, no further regulatory subunits are needed, while the regulation of other NOX4 enzymes is more complicated. Therefore, under the condition of promoting fibrosis, NOX4 may contribute more to ROS production. TGF-β1 promotes ROS formation mainly by inducing the expression and activity of NOX4 in various cell types. NOX4 is upregulated in fibrosis, and its genetic or pharmacological inhibition decreases ECM deposition and TGF-β1-dependent fibrosis-promoting response significantly.[@CIT0038],[@CIT0039] Our result suggested that Tan IIA reduced the upregulated mRNA and protein levels of NOX4 in silicosis rats. Thus, the antifibrotic effect of Tan IIA may also be attributed to NOX4 inhibition induced decrease in oxidative stress.

Conclusion {#S0005}
==========

In summary, the present research reported a protective function of Tan IIA in silicosis rats. Further, suppression of TGF-β1/Smad signaling, inhibition of NOX4 and activation of the Nrf2/ARE pathway are possible mechanisms through which Tan IIA protects against silica-induced lung impairment and fibrosis. Tan IIA might be used as a potential therapeutic drug in silicosis' treatment.
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